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EXECUTIVE SUMMARY

The Cedar City 1° X 2° quadrangle in southwestern Utah contains abundant
mineral resources and the probability of new mineral discoveries is high,
particularly for precious metals in the western half of the quadrangle.
Currently, several mining companies are exploring for precious metals in the
quadrangle, and a new bulk-minable gold mine has recently opened. The
quadrangle contains the famous Iron Springs (Fe) and the unusual Silver Reef
(Ag) districts, and has until recently produced primary gallium and germanium
(used in high-technology optics and electronics) from the Apex mine in the
Tutsagubet district. Deposits of uranium, coal, and oil and gas are numerous,
and intermittent hydrocarbon exploration continues. The quadrangle contains
two known geothermal resource areas, as well as deposits of sand and gravel,
volcanic ash and cinders, dimension and decorative stone, kaolin, bentonite,
and gypsum.

Dramatic physiographic and geologic contrasts in the quadrangle reflect
the first-order crustal boundary between the Colorado Plateau and the Basin
and Range provinces, which diagonally traverses the middle of the
quadrangle. This boundary exerted fundamental control on types and locations
of mineral and energy deposits formed. The geologic record indicates four
main evolutionary stages that controlled metal deposition. First, regional
uplift east of the quadrangle beginning about 250 million years ago resulted
in westward regression of the sea and deposition of fluvial to saline
sediments of Mesozoic age across broad coastal plains. During extended
periods of subaerial exposure, deeply circulating meteoric water interacted
with and leached metals from pre-Mesozoic marine shale and basement rocks.
Second, eastward-directed thrusting and folding of the Sevier orogeny
beginning about 110 million years ago juxtaposed pre-Mesozoic rocks above the
Mesozoic sequence. Third, regional volcanism between about 34 and 20 million
years ago erupted calc-alkaline volcanic rocks and emplaced related
porphyritic plutons. Finally, regional extension disrupted the western part
of the quadrangle beginning about 15 million years ago and a bimodal mafic-
silicic assemblage of volcanic and intrusive rocks was emplaced at about the
same time. The volcanic and intrusive events provided heat sources and
structural channel ways that controlled ensuing hydrothermal activity which
precipitated epithermal base- and precious-metal vein and disseminated
deposits, and possible porphyry deposits at depth.

This study of the Cedar City quadrangle was conducted as a multi-
disciplinary effort by USGS and Utah Geological and Mineral Survey
personnel. The study identified areas with known and potential resources of
epithermal base- and precious-metal, Mo porphyry, solution-collapse breccia
pipe, sediment-hosted Cu-Ag-U, placer, and iron skarn deposits. In addition,
some drawbacks and limitations to the existing geologic, geophysical,
geochemical, and mineral resource data were identified. Clearly this
preliminary assessment merely sets the stage for further studies. Existing
data should be used more fully and new data are needed for future
investigations. Many topical research studies within the quadrangle also
would improve our understanding of the regional geologic framework and
mineralizing processes and build upon recently completed and on-going resource
assessments in the adjacent Richfield and Delta quadrangles in Utah.
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Section 2  INTRODUCTION

Interdisciplinary geologic, geophysical, geochemical, and mineral
occurrence data were assembled to make a preliminary mineral resource
assessment of the Cedar City 1° X 2° quadrangle. This study was done as part
of the National Mineral Resource Assessment Program (NAMRAP) to aid in
planning and selection of quadrangles within the conterminous United States
for future mineral resource study. This “pre-assessment" study was a
cooperative effort by the USGS and Utah Geological and Mineral Survey. The
interaction between the two agencies brought to light current information on
geologic activities within the quadrangle which otherwise might have been
overlooked. Most figures in this report are reduced from 1:250,000-scale
plates. The plates are available from the authors for reproduction by the
user.

Geologic studies in southwestern Utah began in the mid-1800's in
conjunction with engineering and military surveys of the western
territories. Prospectors and miners pushing east from the California Mother
Lode and west from the Colorado Front Range followed soon thereafter.
Exploration within the Cedar City 1° X 2° quadrangle eventually led to
discovery of the Iron Springs district, now the largest iron producer in the
western U.S. The quadrangle also hosts two unusual deposits: sandstone-
hosted silver chloride deposits at Silver Reef and gallium-germanium deposits
at the Apex mine. Exploration for gold now underway has resulted in discovery
and development of bulk-minable gold deposits in the western part of the
quadrangle.

The Cedar City quadrangle covers an area of about 7,500 square miles in
the southwestern quarter of Utah (fig. 1). The quadrangle includes two major
physiographic provinces, the High Plateaus region of the Colorado Plateau in
the eastern half of the sheet, and the eastern Basin and Range province in the
western half of the sheet. The Escalante Desert forms a large physiographic
feature in the northwestern quadrant. Elevations range from less than 2,400
ft near the southwestern corner to over 11,000 ft northeast of Cedar Breaks
National Monument. Major towns within the quadrangle include Cedar City, St.
George, Panguitch, and Kanab. Several federal and state highways traverse the
region and numerous secondary roads lead from these.

The majority of the land within the Cedar City quadrangle is in the
public domain. Approximately 40 percent of the lands are under U.S. Bureau of
Land Management jurisdiction, 30 percent are National Forest, and about 15
percent are privately held. The remaining lands are national parks and
national monuments, or are held by the State of Utah. National parks and
monuments, state parks, wilderness areas and BLM wilderness study areas are
shown on figure 2.

It is stressed that this preliminary mineral resource assessment was
conducted within about 6 months in 1988/1989, and is based solely on existing
data. No fieldwork was involved. This report--prepared as a planning
document for future NAMRAP quadrangle selection--identifies areas of known and
potential resources for a variety of metal deposits, as well as the
limitations of the existing geologic, geophysical, geochemical, and mineral
resource data. Recommendations for future mineral resource studies are
included.
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Section 3 GEOLOGIC SETTING, by G.R. Winkler and M.A. Shubat
INTRODUCTION

The area of the Cedar City quadrangle spans dramatic physiographic and
geologic contrasts between the Basin and Range and Colorado Plateau
provinces. The boundary between the two provinces passes diagonally from
northeast to southwest roughly through the middle of the quadrangle
(figure 3). Except in the basins, bedrock generally is well-exposed and the
area attracted the attention of earth scientists as early as the 1860's.
Studies over the past 130 years have defined the general framework of the
contrasting eastern and western parts of the quadrangle, and have noted the
different types and locations of mineral and energy deposits formed in the two
parts.

STRUCTURE

In the Cedar City quadrangle, the boundary between the High Plateaus
section of the Colorado Plateau and the Basin and Range province follows an
important structural hingeline active since early Paleozoic or even
Proterozoic time. It is characterized by a westward change from cratonic to
miogeoclinal sedimentary facies in Paleozoic and early Mesozoic rocks
(Figure 4, Plate 1). In the Cedar City area, it also corresponds closely to
the easternmost extent of eastward-directed thrusting and related folding of
the late Mesozoic Sevier orogeny (Armstrong, 1968; Burchfiel and Hickcox,
1972). The Square Top Mountain thrust (Hintze, 1986), which, in the
Goldstrike area, places miogeoclinal Paleozoic marine rocks above Mesozoic
terrestrial and marginal marine rocks, may mark one foreland thrust. Another
Sevier-age thrust, the Iron Springs fault, extends in the subsurface from the
Bull Valley Mountains through the Iron Springs district to the Red Hills and
shows about 3.5 mi of eastward displacement (Van Kooten, 1988). Other thrust
faults have been penetrated in Hunt 0il's Table Butte and ARCO's Three Peaks
hydrocarbon exploration wells northeast of the Iron Springs district (Shubat
and McIntosh, 1988; Van Kooten, 1988). Related folds may include the Shivwits
syncline and the Virgin anticline. Thrusts that displace rocks as young as
the Tower part of the Paleogene Claron Formation are known in the High
Plateaus from o0il company seismic data, and are well exposed just north of
Bryce Canyon National Park (Lundin, 1987). Thus, at least locally, compres-
sional deformation extended into the Early Tertiary (Rowley and others, 1979).

Structural differences between the eastern Basin and Range and the
western High Plateaus provinces are well-documented from about 26 Ma, by
ash-flow tuffs which are widespread throughout the Basin and Range province,
but terminate near the present western edge of the High Plateaus against
presumed paleoscarps created at the ancestral boundary (Rowley, Anderson, and
others, 1978). The distribution patterns of the early Tertiary tuffs,
however, indicate a probable west-northwest orientation to paleoscarps in the
Markagunt Plateau, a trend that is not parallel to the present boundary
between the Basin and Range and High Plateaus provinces (Anderson, 1988). 1In
the Early Miocene, east-northeast trending plutons were intruded along a
remarkably linear trend, termed the "iron axis" (Mackin, 1960; Tobey,

1976). This trend apparently followed a Sevier-age decollement (Rowley and
Barker, 1978). In the eastern Basin and Range province, Best (1988) shows
east-west isopach trends of 30-20 Ma ash-flow tuffs, implying an east-west
grain to the paleotopography, and Eaton and others (1978) describe a
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EXPLANATION

/ Contact

X Anticline, showing dip of limbs and direction of plunge
X Syncline, showing dip of limbs
/ Steep fault, ball on downthrown side, dashed where uncertain
e
I'd
/ Thrust fault, tecth on upper plate
/ Low-angle normal (detachment) fault, barbs on lower plate

L. ~ Density-contrast boundary beneath Quaternary cover, dashes mark steepest gravity gradient, barbs point toward
/Y gravity low, L = center of low

14
9” Inferred outer limit of caldera or cauldron compiex, teeth point toward center of complex
4 .
i

o’ .
] \_¢> Miocene prophyritic intrusive rocks, I = small occurrence in outcrop or in well (depth to intrusion shown, if
(3#90)Y known)

Precambrian crystalline rocks of Beaver Dam Mountains

Figure 3.--(continued)
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DESCRIFTION OF MAP UNITS
UNCONSOLIDATED DEPOSITS

Q U e deposi divided (Q Mis surficial deposits, including younger and
older and i ides, dunes, and dry or marshy lacustrine scdiments
Ts  Quatcrmary and Neogeae de Pliocene, and Mi poorly
dcpmm of late Tenm-y or younsef age; comprised of poorly sorted mveuy deposits of uncertain
surfaces above present gradients; and varicgated, coarse- 10

fwdmﬂmdmhballywhmmuhmdurhﬂmﬁghammhmmmm
valleys. Includes Sevier River Formation (Pliocene and
Mnoeeae) and Muddy Creek Formation (Miocene)

SEDIMENTARY ROCKS

Te mmmwmtmm“mmmﬂmnmmanmm
gl and shale; primary features mostly obscured by
upper part of locally is i ded with, but more commonly overiain by, 32-
Bmmmﬂ:bnrnnmynmnmmdupmdmmempm“usmdmmR.mg:
provinces
rocks,

v (Upper Cn )-Diverse sedi m-:kg“‘,onmeHi;h
Plateaus, fluvial 10 shallow marine dme, and pelletal Ji with local thin
1o thick beds of coal (Strai i and Kaip
Humamn). in the Bum and llxnge pmnce, thinto thick-bedded fuvial sandstone, with
b shale, and coal, and minor bentonitic layers and tsius or
fandmzme (lron Springs  Formaton); and, in the Bull Valley Mountans, fangiomerate,
ying the Iron Springs Formation and unconformably
Wash F

uncum:’ ion (Grap

and littoral i ded with o0 mue.m.mmmmn
(Dakota Formation)

) wmw&mh)-Mdum:Wm;mmmn‘m
andnd—mmﬁng marine and ginal marine and minor

Memb and lower of domi silty, d:nse. oohtu: llmeﬂnne with thin-bedded
i and d inch Hi ber in the Iron Springs

n Jurassic rocks, wadivided (Middie? and Lower ic)-Thickly d eolian witllloul
thin leases of limy mudstone in upper part (Temple Cap Fe ion and Navajo
ammmmnmmmm.mmmusmxnm«kpm

F ion); and fuvial reddish-brown
dlynouemlo-:tp-n judes upper Springy mednl\vlumnomc-nyoumdbnr
Dincsaur Canyon M of M F ion)

R Trisssic terrestrial and marise rocks, uadivided (Trisssic)-Inci the Chinle F ion, which is
Mwnwmmmmnp-mvy i Ouvial and ine rocks,
sandy near top, limy, muddy and bcmomw: in middle, and sandy and congiomeratic (Shinaruinp
Member)uarbne. the Moenkopi of marine and manne
reddish-brown md i with li and tongues
that thicken bers, an upper red and Shnabkaib Member a medial red
andebwnneMember,mdubmrMaM“mmpMmbet)

P ummmmmmummremmmnm
Kaibsb L F jon, and Hemm Slmc. connnm; of fossiliferous, cherty,

P

dok marine i shale, and
Quesatoweap or Coconino undnone, eonnmng of hghwokmd. crossbedded eolian sandstone,
vnth minor and Pakoon K of cherty
rocks are ised of the Callville Limestone, thin-bedded cherty limestone with

mm lenticular sandstone and shale

MC la-uhhum ivided (Lower ian, and C; iam)-A thick marine sequence
in the Beaver Dain Mountains, mdudm; fosnhfemus gray | lnnumne with brown to red bedded chert
(Redwall Li ); banded cherty ¢ ite and minor | (Muddy Peak Dolomite, Nopah
Dolomite, and King F fissile mi shale (Bright Angie Shale); and massive

very hard quartnite, pebble conglomerate, and minor arkose (Tapeats Quartzite)

VOLCANIC ROCKS

QTb Basalt (Qx Alkali-olivine basalt flows, cones,and domes younger than about 2 Ma
mwxdup:mmmhwwmuuhumpped inciudes basalt as old as Miocene in the Modena
ares

Tmv Bimodal volcanic rocks, uadivided (Mioccac)-Diverse bimodal maficsilicic igneous rocks. In the Basin
andhngepmvm.mdudu(l)lmlenemlyanmmmcnchyu.mddmudonu-nd
flows of late Mi age; (2) nt flows, ic aprons, and thick local
accumulations of ash-flow tuffs of carly Miocene age (Rencher Formation, Racer Canyoa twiff,

Volcanics of sz Valley, Cove Mountain Fonmuon, Ox Valley Tuff, Blawn Formation, and

ion); and (3) & slicic ash-flow tuff sheets of regional
emtcmpwdﬁmnpmbobkmmerﬂneme,Neﬂdn.maheuﬂme(HamyHﬂh

Tuff, Condor Canyon Formation, and Leach Canyon Formation of Quichapa Gvoup) On the High

Plateaus, includes (l) tectonic slide meg; of age jocks derived from
Needkslhnp, Quichapa, and Mount Dutton volcanic umu.anddwene nomoleume blocks
derived from underlying units; (2) flows and voicanicisstic rocks derived from central-vent voicanoes
(Mount Dutton Formaton and Bullion Canyoa ics); and (3) ash-flow tuff of the Quichap
Growp

Tov Calc-alkaline volcanic rocks, d (Barty and Oligx Diverse caic-alkaline igneous rocks
ranging in age from about 31 to 25 Ma, prised of P from on
the High Platcaus, and ic-alkali h-flow tuff sheets of the Needles Range
Group and Isom Formatioa in the Basin and Range province

INTRUSIVE ROCKS
Th m ) i utons of p
® wm M ing and rhying p‘mcks; plulonspmt-d.lu: the 21 Ma

HamnyHﬂhTutT-ndpn-aum: l9M-RxerCanyon Tuff; small plutons occur east of the
Hurricane fault; west of the fault, they underlic much of the Pine Valiey Mounteins and the entire
Iron Springs mining district and may extend westward as an intrusive arch beneath the Bull Valicy

Mountains

METAMORPHIC ROCKS
(mumwmxn-cmn chiefly of dark gray diorite gneiss, amphibolite, and
w llimanite-bearing schist similar to Vishnu Schist of the Grand Canyon; intricately intruded by pink
pmucpepmuuandwmumphnmmdmwmbonmmmdunMrDm
of i ut they

age with rocks in the Grand Canyon that
hmbendzudndmmnﬂllynabwldsom

Figure 4.--(continued).
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north-south regional topographic gradient across the entire Basin and Range
province at the approximate latitude of Cedar City. The gradient separates
distinct subprovinces of the Basin and Range province, a northern sector of
higher elevation and widely distributed but lesser-magnitude extension, and a
sout?ern sector of lower elevation and greater extension (Wernicke and others,
1988).

Extension in the eastern Basin and Range province occurred principally
during the last 15 Ma. Relative importance of low-angle normal, high-angle
normal, and strike-slip faults in regional extension is the focus of many
current studies; each type of fault occurs in the Cedar City quadrangle.

Two types of low-angle normal faults occur in the transition between the
High Plateaus and Basin and Range provinces: minor gravity-slide blocks and
major detachment faults. Slide blocks as long as 2.5 mi have moved eastward
up to 1.2 mi from flanks of domes lifted by rapidly-emplaced shallow
intrusions in the Iron Springs district (Mackin, 1960; Blank and Mackin,
1967). Rocks as young as 21 Ma are involved in the movement (Rowley and
others, 1979). Similar structures are present in the Pine Valley (Cook, 1957)
and Bull Valley (Blank, 1959) Mountains. Wernicke and Axen (1988) describe a
middle to late Miocene detachment fault in the Beaver Dam Mountains, where an
extensional allochthon broke away from the margin of the Colorado Plateau and
s1id tens of miles west-southwest off an uplifted basement high. North of the
Cedar City quadrangle, formation of the Sevier Desert detachment may be
comparable; as interpreted from COCORP deep-seismic data by AlIlmendinger and
others (1983), the detachment plane dips shallowly westward to reach a depth
of at least 6 mi.

The main phases of steep basin-range faulting in southwestern Utah seem
to be younger than 10 Ma, based on offsets of young volcanic rocks (Rowley and
others, 1979; Rowley and others, 1981). Steep faults are abundant in the
Basin and Range province; locally, range fronts are 3,000 ft or more in
height. To produce the deep grabens evident on gravity records, relative
movement on faults must have been at least several times this amount. In the
High Plateaus, steep faults are less abundant and displacement on individual
faults decreases eastward. Some offset occurred as recently as Pliocene or
Pleistocene, inasmuch as the Sevier River Formation near Panguitch shows low
but significant dips adjacent to the Sevier fault (E.G. Sable, written
commun., 1988). Tectonic disruption of the uplifted edge of the Colorado
Plateau continued episodically throughout the Neogene, and Quaternary offset
is mgnifested by various strands of the Hurricane fault system (Anderson,
1978).

Steep faults in the Basin and Range and High Plateaus provinces generally
follow north-northeast and north-northwest trends, creating parallel,
en-echelon, rhombic, and zig-zag patterns. The faults occur in zones, many of
which appear to localize igneous activity and mineral deposits. The complex
mosaic of faults, indeed, may reflect instability induced by long-term crustal
residence and repeated extrusion of subjacent magma, as well as regional
crustal extension (T.A. Steven, oral commun., 1988). As Anderson (1984)
emphasized, strike-slip displacement may combine with normal faulting to
produce extension. In the western Bull Valley Mountains, the arcuate and
branching network of faults has created generally east-west trending grabens,
horsts, and tilted blocks. Strike-slip displacement has been inferred on many
of these faults, and a sequential development determined locally by Adair
(1986) implies regional wrench faulting in response to basin-range extension.
These broad zones of strike-slip translation may separate subprovinces in the
Basin and Range that are characterized by differing amounts or directions of f
extension (Shubat and Siders, 1986).



Faults with Holocene offset occur locally (Anderson, 1978); the
intermountain seismic belt of Smith and Sbar (1974) approximately follows the
boundary between the Basin and Range and Colorado Plateaus provinces, and is
intersected by the southern Nevada seismic belt near Cedar City.

The Pioche-Marysvale and Delamar-Iron Springs igneous belts extend
east-northeast across southern Utah. These belts contain all of the large
calderas, most of the exposed plutons, and many volcanic centers, hot springs,
and areas of altered rocks in southwestern Utah. The coincidence of mineral
deposits with these belts has been noted at least since the time of Butler and
others (1920), and has been described in more detail in numerous subsequent
papers (e.g., Shawe and Stewart, 1976; Stewart and others, 1977). The roughly
east-west magmatic belts are Oligocene to middle Miocene in age and may be
controlled by deep structures, but most surface structures are oblique to the
trend. More likely, the belts reflect the recurrent development of magma
chambers that were tapped periodically to supply the voluminous ash-flow tuffs
and other volcanic rocks of southwestern Utah (T.A. Steven, oral commun.,
1988). The belts extend beyond the boundary of the Basin and Range province
into the High Plateaus. Their anomalous orientation with respect to regional
tectonic patterns has not been explained satisfactorily. Subsequent bimodal
mafic-silicic igneous activity tended to follow these earlier belts and was
associated with specific mineral deposits, but late Miocene and younger
features seem to cut across earlier trends.

GEOLOGIC HISTORY

Phanerozoic stratified rocks in the Cedar City quadrangle have an
aggregate thickness in excess of 32,000 ft; more than 13,000 ft of Paleozoic
strata, 12,000 ft of Mesozoic strata, and 7,000 ft of Cenozoic strata are
exposed. In the Beaver Dam Mountains, the sequence rests unconformably upon
Precambrian schist, gneiss, and granite pegmatite, similar to the Vishnu
Schist and Zoroaster Granite of the Grand Canyon region (Hintze, 1986).

Paleozoic rocks include a thin transgressive marine lower sequence of
Cambrian shelf sandstone and shale; a thick marine medial sequence of Cambrian
and Devonian through lower Permian 1imestone, dolomite, and carbonaceous
shale; and an thick upper sequence of eolian sandstone and fluvial redbeds
overlain by marine to marginal marine limestone, gypsiferous siltstone, and
calcareous sandstone. Several Paleozoic carbonate units contain caverns,
sinkholes, or other dissolution features. Many vertically-oriented
cylindrical pipes were filled with collapse-breccia from overlying units as
solution enlarged them through time. In the Marble Platform region north of
the Grand Canyon, about 5 percent of these pipes contain mineral deposits
enriched in base metals, silver, and uranium (Wenrich and others, 1988). The
pipes have bases in the Mississippian Redwall Limestone, which was exposed for
20 million years following its deposition. Overlying units affected by
collapse include rocks at least as young as Triassic. Another 20 million-year
hiatus separated deposition of the uppermost Paleozoic Kaibab Limestone and
the overlying Mesozoic sequence. During this hiatus, an erosion surface with
at least 650 ft of relief and extensive karst was developed upon the Kaibab.

Mesozoic rocks include thick Triassic, Jurassic, and Cretaceous sequences
formed mostly in rivers, lakes, dunes, and sabkhas, but also during
intermittent marine incursions in all three systems. Marine transgressions
were from the west in the Triassic and Jurassic but were from the east in the
Cretaceous. The Triassic sequence includes thick marginal marine to fluvial
and lacustrine strata that are characterized by marked lateral facies changes
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from dolomitic mudstone and Timestone to carbonaceous conglomerate and
sandstone, volcanic claystone, gypsiferous siltstone and bedded gypsum. The
evaporite beds form tongues that thicken westward. The Jurassic sequence
includes a thick lower interval of fluvial, lacustrine, and eolian sandstone,
siltstone, and shale, and a thick upper interval of marine and marginal marine
limestone, and gypsum, gypsum-bearing siltstone, mudstone, and sandstone.
After a hiatus in sedimentation of about 45 million years, Cretaceous strata
of Albian age were deposited above a regional unconformity. These strata
resulted from synorogenic sedimentation related to the onset of Sevier
thin-skinned thrusting and synorogenic sedimentation (Lawton, 1987). In the
eastern part of the quadrangle, the Cretaceous sequence indicates repeated
marine incursions from east to west: coal-bearing (and locally
uranium-bearing) fluvial and 1ittoral conglomerate and sandstone units at the
base are succeeded upward by marine shale, siltstone, and sandstone, and by
fluvial to shallow marine coal-bearing sandstone, shale, and minor pelletal
limestone. In the western part of the quadrangle, the Cretaceous sequence is
entirely nonmarine and thickens markedly toward the thrust belt where it
includes several disconformities (Gustason, 1987), as would be expected in an
active foreland basin sequence. In the Iron Springs area, the Cretaceous
strata include local talus or fanglomerate deposits (Mackin, 1947).

By Cenozoic time, continuing regional deformation and uplift of the
Sevier orogeny had created highlands in the area near the western edge of the
Cedar City quadrangle, which was the source of detritus shed into adjacent
nonmarine basins to the east, where deposition may have been continuous from
latest Cretaceous into the early Tertiary (Wiley, 1963). The basal part of
the Tertiary section locally was involved in deformation related to
eastward-advancing thrust sheets. In the High Plateaus, apparently in most
places there was a hiatus between Cretaceous and Tertiary deposition (Rowley
and others, 1979), although Bowers (1972) defined intervening stratigraphy in
the area of the Table Cliffs Plateau. The Tower Tertiary sedimentary sequence
consists of fluvial and lacustrine limestone, calcareous sandstone,
conglomerate, and shale deposited in a broad, flat basin that extended across
most of the Cedar City quadrangle.

In early Oligocene time (about 34 Ma), conditions changed dramatically as
calc-alkaline volcanism formed scattered clusters of stratovolcanoes and
calderas, and intervening lowlands were covered by widespread sheets of
ash-flow tuff (Rowley and others, 1975; Best, 1986a). The Indian Peak caldera
complex was active from about 33 to 26 Ma and had at least seven eruptive
cycles, which expelled more than 10,000 cubic kilometers of rhyolite, dacite,
and andesite ash-flow tuff (Best, 1986a). Nested calderas extend from near
Pioche, Nevada, into the Cedar City quadrangle at least as far as Modena, and
gravity and magnetic data indicate that they probably continue beneath the
northwestern part of the Escalante Desert. In the High Plateaus province,
intermediate-composition stratovolcanoes formed in the Marysvale area north of
the quadrangle, and related lahars and ash-flow tuffs spread southward as far
as the Panguitch area (Anderson and Rowley, 1975; Steven and others, 1979).
During Miocene time in the High Plateaus province, complexly interfingering
flows, flow breccia, and volcaniclastic detritus derived from the Marysvale
area were interlayered with regional ash-flow tuff units from the Basin and
Range province to the west. In the western Markagunt Plateau, these units are
mixed in slide megabreccias (Sable and Anderson, 1985).

The ash-flow tuff province of southwestern Utah extends over most of the
northwestern part of the Cedar City quadrangle. From about 26 to 19 Ma, the
area was a broad plain across which spread thin regional ash-flow tuff sheets
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derived from sources in the Basin and Range province, including the Caliente
cauldron complex just west of the Cedar City quadrangle. The ash-flow tuffs
pinch out against andesitic stratovolcanoes, which rose above the plain
locally along the Pioche-Marysvale and Delamar-Iron Springs igneous belts.
The stratovolcanoes shed andesitic debris that is intercalated in places with
ash-flow tuff sheets.

At about 20 Ma, laccoliths of porphyritic quartz monzonite intruded
Mesozoic and Cenozoic sedimentary strata in the Iron Springs district (Mackin,
1960, 1968; Rowley and Barker, 1978), and were the source of major replacement
iron ore bodies in limestone of the Carmel Formation. To the southwest, Blank
(1959) showed that the similar Bull Valley pluton occupies the core of an
eruptive complex; it also has been explored for iron (Tobey, 1976). The
Mineral Mountain pluton, near the west edge of the map, may be part of the
same volcanic and plutonic belt (Cook, 1960).

Throughout later Cenozoic time, episodic volcanism produced bimodal
assemblages of basalt lava flows and high-silica alkali rhyolite lava flows,
domes, and epiclastic rocks, which were erupted from numerous local centers.
Their total volume, however, is much less than that of the older calc-alkaline
volcanic rocks. The basalt flows are widespread but generally of small
volume. Although the rhyolitic rocks are restricted and of small volume in
the Cedar City quadrangle, in the Pioche-Marysvale igneous belt to the north,
they form major composite accumulations. Many of the rhyolite centers include
dike swarms and shallow porphyritic intrusions (Keith, 1980; Keith and others,
1986; Best and others, 1987). Hydrothermal activity accompanied episodes of
silicic magmatism in both the Basin and Range (Steven and Morris, 1984, 1987;
Best and others, 1987) and the High Plateaus (Steven and others, 1979)
provinces. Circulation of hydrothermal fluids was focused along zones of
concurrent faulting. Altered volcanic and adjacent nonvolcanic rocks are
extensive in the Antelope Range (Shubat and McIntosh, 1988), the western Bull
Valley Mountains (Limbach and Pansze, 1987), the Escalante district (Siders
and Shubat (1986), and north of the Escalante Desert (Best and others, 1987),
where they are coextensive with altered rocks in the southwest part of the
Richfield quadrangle (Steven and Morris, 1984, 1987). Productive silver veins
in the Escalante and Antelope Range districts were formed at about the same
time nearby volcanic domes, fissures, and breccias were erupted (Siders and
Shubat, 1986).

Basin-range faulting produced numerous local basins in which
volcaniclastic and sedimentary rocks were deposited in the Neogene. In the
High Plateaus province, structural basins are less deep than in the Basin and
Range province and drainage is fairly well-integrated: the deepest fi11 (in
the area of the Sevier fault) is on the order of 1,150 ft (Rowley and others,
1979). In the Basin and Range province, many basins are several thousand ft
or more deep, and drainage is not well-integrated; some grabens may have had
only interior drainage throughout their histories and may have accumulated
very thick sequences of basin fill, including evaporites, as they have to the
north in the Sevier Desert (Lindsey and others, 1981). A prominent gravity
low west of the Antelope Range, for example, has been interpreted by Pe and
Cook (1980) as the Newcastle graben that may contain 9,800 ft or more of
basin-fil1.

STATUS OF GEOLOGIC MAPPING

Figures 5 through 9 show the current status of geologic mapping in the
Cedar City 1° X 2° quadrangle. Areas encompassed by individual maps are
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outlined on the figures and are labeled with the name of the authors and year
of publication. Geologic maps have been separated as follows:
Figure 5 - Maps published by the USGS, excluding 1:24,000-scale maps;

Figure 6 - Maps published by the USGS, 1:24,000-scale;

Figure 7 - Maps published by the Utah Geological and Mineral Survey
(UGMS) (all scales);

Figure 8 - Maps in theses (all scales);

Figure 9 - Maps from other sources (journal articles, guidebooks, etc.).

In total, the figures show locations of 114 geologic maps. Sources of
information for this compilation include the USGS index to geologic maps in
Utah (McIntosh and Eister, 1979), an unpublished index to geologic maps
compiled by Russell Knight of the UGMS, an index to geologic thesis maps in
Utah (Knight, 1985), and a review of current literature.

CURRENT ACTIVITIES
U.S. Geological Survey (USGS)

A major project of the National Geologic Mapping Program in the Office of
Regional Geology is underway in the region of structural transition from the
Basin and Range province to the Colorado Plateau province (BARCO) in
southeastern Nevada, southwestern Utah, and northwestern Arizona. The 5-year
project is coordinated by R.B. Scott, and encompasses eight 1:100,000-scale
quadrangles, including all four quarters of the Cedar City 1:250,000-scale
quadrangle. The objectives of the project include mapping and compiling the
geologic framework with emphasis on the late Mesozoic and Cenozoic tectonic
and magmatic evolution of the region. Many USGS scientists, including
specialists in sedimentary and volcanic stratigraphy, petrology, structural
geology and neotectonics, Quaternary geology and geomorphology, geochronology,
geophysics, and paleomagnetics are participating in the project, and are
cooperating with academic and state survey colleagues. Although the ultimate
compilation scale for geologic maps is 1:100,000, much new geologic mapping at
a scale of 1:24,000 or 1:50,000 will be completed during the duration of the
project. The timetable and USGS personnel who currently are responsible for
compilation of individual 1:100,000 quadrangles within the Cedar City
1:250,000 quadrangle are:

Kanab (1989): E.G. Sable, R.W. Hereford

Panguitch (1990): E.G. Sable, R.W. Hereford

Saint George (1992): E.G. Sable, R.E. Anderson, and H.R. Blank, Jr.
Cedar City (1992): H.R. Blank, Jr., and P.D. Rowley

Utah Geological and Mineral Survey (UGMS)

In southwestern Utah, the UGMS has active programs to prepare geologic
maps of mining districts, to inventory metal, energy, and industrial mineral
resources, and to develop and update computerized resource data bases.
Recently completed geologic maps include a tier of quadrangle maps extending
from the Antelope Range district through the Escalante district to the Nevada
border (Siders, 1985a,b, 1986; Shubat and Siders, 1988). A summary report has
recently been completed on the geology and mineral potential of the Antelope
Range district (Shubat and McIntosh, 1988). A compilation of the geology and
mineral resources of Kane County is soon to be released (Doelling, in
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press). The UGMS has published a study on the geothermal potential of the St.
George area (Budding and Sommer, 1986), and is currently studying the
geothermal potential of the Newcastle Known Geothermal Resource Area under
joint UGMS-Department of Energy funding.

Universities

Brigham Young University (BYU): For many years, BYU summer field camps
under the general direction of Lehi F. Hintze, Myron G. Best, J. Keith Rigby,
and others have been located in southwestern Utah. Much of the current
understanding of the regional stratigraphy and structure, particularly in the
Paleozoic sequences, has been developed by Hintze and his students, who
continue with active field studies in the area. Recent publications by Hintze
and associates include numerous geologic maps in the Beaver Dam Mountains and
Gunlock-Motoqua areas in the southwestern part of the Cedar City quadrangle.
Best and his students have defined much of the Tertiary volcanic stratigraphy
of the Basin and Range province, and continue with active programs, having
published several recent geologic maps in the northwest part of the Cedar City
quadrangle and contiguous parts of the Richfield. quadrangle to the north.
Recent work by Rigby and his students has focused on uppermost Paleozoic and
Mesozoic sequences in the region, and on late Cenozoic basaltic volcanism.

University of Utah: Erich U. Petersen and students are studying the
geologic setting of the Apex gallium-germanium mine in the Beaver Dam
Mountains, and are carrying out detailed investigations of the mineralogy and
paragenesis of the deposit.

Kent State University: In the southwestern High Plateaus, John J.
Anderson has been studying the Tertiary stratigraphy, particularly of the
volcanic rocks, for more than 20 years. Anderson currently is completing
geologic maps of several 7.5' quadrangles east of Parowan. One of his
students currently is studying stratigraphy and sedimentology of the early
Tertiary Claron Formation in the area.

Harvard University: Brian Wernicke and Gary Axen (also of Northern
Arizona University) are collaborating with John M. Bartley (Univ. of Utah) in
studies of regional structural patterns in the Basin and Range province,
particularly tectonic styles of extensional and detachment faulting. Their
work along the eastern margin of the province includes structural studies in
the Beaver Dam Mountains.

University of Nevada-Reno: James E. Trexler and his students are
studying facies relations between late Mesozoic and early Tertiary strata in
the High Plateaus. Their initial work is northeast of the Cedar City
quadrangle in the North Horn and Flagstaff Formations, but will bear on
problems in distinguishing Claron from subjacent units within the quadrangle.
In addition, Trexler is continuing his work on broad facies distributions
within Mesozoic sequences of the Colorado Plateau.

New Mexico State University: Timothy F. Lawton and his students are
studying Cretaceous synorogenic clastic deposits in the foreland of the Sevier
orogenic belt throughout the Rocky Mountains. Most of their work has been in
central Utah north of the Cedar City quadrangle, but it provides information
on rocks correlative with Upper Cretaceous units in the Cedar City quadrangle.

Industry

BP Minerals: Personnel are conducting exploration in Antelope Range for
precious metals.
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Geneva Steel: Leasers are producing 400,000 tons/year from mines at :
Desert Mound (Iron Springs district) for steel production at the Geneva Works,
Orem, Utah.

Hecla Mining Company: The Escalante silver mine was closed on Dec. 31,
1988. The mill will remain active by milling ore stockpiles until 1990.

Homestake Mining Company: Personnel conducted an extensive exploration
program for precious metals in Antelope, Goldstrike, Mineral Mountain, Modena,
Gold Springs, and Stateline districts in the 1980s; apparently the company has
no current activity in the Cedar City quadrangle.

Musto Explorations, Ltd. (St. George Mining Corp.): This former operator
of the Apex Ga-Ge mine and mill in Beaver Dam Mountains is now under Chapter
11 bankruptcy proceedings and is looking for a purchaser.

Tenneco Minerals: The company is developing the recently discovered
Goldstrike mine, where gold mined from open pits is scheduled for production
by heap leach methods in 1989.

RECOMMENDATIONS FOR ADDITIONAL GEOLOGIC STUDIES

Although geologic studies have been conducted in the Cedar City region
for more than 100 years, much remains to be learned about the physical,
chemical, and biological controls for the numerous types of mineral and energy
resources that occur widely in the region. The following paragraphs briefly
describe nine topics that are focused on the structural, stratigraphic, and
petrologic features of known host rocks or of sequences with favorable
characteristics. Such topical investigations can be expected to provide
exploration criteria for delineating additional as yet undiscovered mineral
resources. Additional background data about specific mineral deposits or
mining districts mentioned in these recommendations will be found in the
ensuing sections of this report.

The Precambrian complex of the Beaver Dam Mountains

Precambrian crystalline rocks are well exposed on the west side of the
Beaver Dam Mountains, but have been studied only in reconnaissance. The rocks
consist of strongly foliated schist intricately intruded by pegmatitic granite
dikes, and have been correlated with rocks exposed in the inner gorges of the
Colorado River in Arizona. The granitic rocks have not been dated, nor is the
age of metamorphism of the enclosing rocks known. At least three types of
mineral deposits are found in comparable Precambrian complexes elsewhere in
the region, but their potential occurrence has not been evaluated in the
Beaver Dam Mountains. First, the pegmatites have not been explored
systematically for possible gemstone deposits, nor has their trace element
chemistry been analyzed carefully for the presence of beryllium, lithium, tin,
or other elements known to occur in specialized pegmatites. The presence of
tin- or tungsten-bearing skarns, greisens, or stockwork vein systems
associated with the intrusive contacts likewise has not been evaluated.
Second, only brief descriptions of the schists have been published, and
protoliths have not been inferred. Mafic metamorphic rocks in the Bunkerville
district in the Virgin Mountains to the south, which are probable
correlatives, are known to be rich in palladium and platinum, but whether high
concentrations of these metals extend northward is not known. Third, the
Precambrian complex is the footwall beneath a major low-angle detachment
surface, and needs to be thoroughly scrutinized for gold and base
metal-bearing fractures and veins that might have been produced during or
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after the episode of low-angle faulting. Such surfaces have served as
pathways for base- and precious-metal mineralization elsewhere in the Basin
and Range province.

The Paleozoic sequence in the Goldstrike-Mineral Mountain area

Although Paleozoic stratigraphy has been studied thoroughly in the Beaver
Dam Mountains, relations are less well known to the north in the Goldstrike
district. Additional work on at least four aspects of the Paleozoic sequences
will have important bearing on evaluating potential mineral resources. First,
the Mississippian sequence in the Goldstrike area needs to be mapped
carefully, and this detailed mapping needs to be extended westward beyond
Mineral Mountain. Apparently, the Chainman Shale and the Scotty Peak
Quartzite are present, although they do not occur in the Beaver Dam
Mountains. The extent of the dark, carbonaceous Chainman Shale, particularly,
is critical, as the unit provides a source for both organic carbon and
metals. The Scotty Wash Quartzite locally contains small amounts of gold.
Second, much of the Paleozoic sequence consists of carbonate rocks, some of
which are altered to jasperoid that locally bears gold. Are these jasperoids
confined to particular stratigraphic levels, such as sandy beds in the Permian
Pakoon Dolomite? Or are several levels within the Paleozoic sequence
susceptible to silicification? Third, the stratigraphic settings for
mineralized solution-collapse breccias in the Paleozoic carbonate sequences
need to be examined carefully. Past exploration for such deposits generally
has focused on their structural control. Solution breccias have been mined,
at several stratigraphic levels, for uranium and base metals in the Crand
Canyon region, and for gallium and germanium at the Apex Mine west of St.
George. Fourth, contacts between favorable Paleozoic carbonate rocks and
Cenozoic igneous rocks, particularly shallow intrusions, need to be mapped in
greater detail, and altered rocks potentially associated with concealed
plutons need to be distinguished carefully. Highly productive silver-rich
base metal replacement deposits and affiliated vein systems in nearby
districts are localized along such contacts.

Nature and extent of the Claron Formation in the Basin and Range province

In the Goldstrike district, the Tertiary fluvial and lacustrine Claron
Formation contains disseminated gold. However, only broad geologic and
structural features of the district have been described. Ore-grade gold
apparently is limited to basal units in the Claron Formation, which rest
unconformably upon diverse underlying units. Are these gold occurrences
related to the unconformity, and hence widespread? Are the gold occurrences
confined to areas where the subjacent rocks are Paleozoic carbonate rocks that
contain gold-bearing veins? There is virtually no contemporary data on gold-
bearing veins. Does the gold occur only in silicified zones, which locally
follow the contact? So little has been published on the chemistry and
mineralogy of widespread altered rocks of the Claron Formation that their
potential significance with respect to mineralization cannot be evaluated.
Does gold occur near contacts between young andesitic plugs and calcareous
facies within the Claron Formation? The NURE geochemistry indicates broad
chemical differences in the Claron Formation, which locally is
magnesium-rich. This pattern could be interpreted as dolomitization related
to hydrothermal activity. At the present level of knowledge, any of these
alternatives is plausible, but each prompts very different exploration
strategies.
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Stratigraphy and chronology of Tertiary igneous rocks in the Basin and Range
province

The volcanic and shallow intrusive rocks in the west-central part of the
Cedar City quadrangle are known in lesser detail than igneous rocks elsewhere
in southwest Utah. However, the emplacement of the igneous rocks greatly
influenced the locations and tenor of many epithermal precious-metal mineral
deposits. In the area of the Escalante Desert, further study of the local
volcanic units that host the Escalante silver mine is needed in order to test
correlations with regional units. Rhyolite flows and coalescing domes seem to
be more widespread in the area of the Escalante Desert, and were extruded from
east-trending fissures. How are they related to the silicic breccias that in
several areas are mineralized? Did the rhyolite domes act as heat sources for
mineralizing events? Do the rhyolites mark one rim of a caldera system?

Where are the sources for the tuffs in the Bull Valley Mountains?

Age and petrochemistry of intrusions

Many monzonite to quartz monzonite intrusions occur in the Cedar City
quadrangle, several of which are intimately associated with large resources of
iron. The ore-related intrusions occur along a linear trend, the "Iron Axis,"
whereas unmineralized (but otherwise analogous) intrusions occur off the
axis. Are there differences in age48nd ggmposition between ore-related and
barren intrusions? High-precision "~Ar/””Ar dating combined with modeling of
fractional crystallization/partial melting might resolve subtle differences
between these intrusions. It also is possible that no significant
petrogenetic differences exist between the intrusions and that formation of
iron skarns is related strictly to the mechanical circumstances of intrusion.

Relations between intrusion, extrusion, and faulting

In the western Cedar City quadrangle, a compiex history of compressional
and extensional deformation created upper crustal structures that helped to
control locations of Tertiary igneous activity and associated mineral
deposits. Structural styles created by both the Sevier orogeny and basin-
range deformation need additional detailed investigation. For example, the
relation of the Mineral Mountain intrusion to a faulted anticline of Sevier
age in the surrounding Paleozoic rocks has not been established and the
geology needs to be mapped carefully. In the Iron Springs district to the
east, structural control was critical in localizing iron-bearing plutons that
apparently have comparable petrology and age to the Mineral Mountain
intrusion. The amount of displacement on Sevier thrusts that involve the
Paleozoic sequence (such as the Goldstrike thrust) also is an important topic
for further work, and will require regional sedimentary facies analysis of
Paleozoic sequences, as well as structural analysis. The chronology of basin-
range high-angle faulting and relations with silicic volcanism seem to be
particularly important topics for additional investigation. In the Antelope
Range, for example, the coincidence of faults and shallow silicic intrusions
with the richest silver-bearing veins is striking, and the same controls may
be important for the silver veins of the Escalante district. Detailed
gsologac mapping and dating of igneous rocks and mineralized veins by

Ar/°°Ar, will elucidate the chronology of events in districts, yielding a
better understanding of deposit genesis.
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Relation of gold-bearing veins in Gold Springs and Stateline districts to the
Indian Peak caldera complex

Two formerly-productive mining districts, Gold Springs and Stateline, are
located near the western boundary of the Cedar City quadrangle. They occur
within an area that has been mapped only in reconnaissance, but which
straddles the proposed margin of the Indian Peak caldera complex. Preliminary
work in the districts indicates that the gold-bearing veins are hosted by
O0ligocene andesitic rocks, and that the veins and their controlling structures
are overlain unconformably by ash-flow tuff sheets. If these age relations
can be verified, the identity of the overlying tuffs ascertained, and adularia
from the veins dated, it may be possible to document a pre-Miocene, gold-rich
mineralizing event with significant potential in the northwest part of the
Cedar City quadrangle. Mapping of the districts also may show a genetic link
with the Indian Peak caldera complex.

Detailed study of the Escalante district

Several productive epithermal districts in the Cedar City quadrangle have
received surprisingly little detailed study of their trace and rare-earth
element geochemistry, isotopic signatures, temperatures of formation, and
chronology of mineralizing events. For example, in the Escalante district,
which is one of the larger silver producers in the western United States, the
mineralogy of the bonanza veins and host rocks has not been described
thoroughly, and there have been no geochemical studies published on the
contrasts between mineralized and barren veins. The latter crop out widely
near the productive veins. Much more information is needed on the
temperatures, salinities, and isotopic compositions of ore and gangue minerals
before paragenetic relations can be established and before the veins can be
linked to specific igneous or tectonic events.

Patterns and displacement histories of faults in the Basin and Range province

Most precious-metal deposits in the eastern Basin and Range province are
located along high-angle faults of Oligocene and younger age. Many deposits
are found at intersections of separate fault systems. They apparently formed
where shallow structures provided access to deeply-circulating heated water.
The study of fault patterns and their relation to precious- and base-metal
mineral occurrences that is underway to the north in the Richfield quadrangle
should be extended into the Cedar City quadrangle. For example, in the Bull
Valley Mountains, geologic mapping to date has indicated a complex network of
NE- and NW-trending high-angle faults and widespread hydrothermally altered
rocks. The timing, sense, and amount of offset along the disparate traces,
and their relation to altered rocks, however, are not known adequately yet.
From an exploration standpoint, information on displacement histories of
faults that cut or controlled known mineral deposits is especially
important. It may become possible to project with confidence the trends of
favorable systems onto pediment surfaces beneath cover.

Basin-range faults also are numerous in the westernmost Markagunt Plateau
and the Red Hills, where they are not known to be mineralized. Detailed
structural analysis of these faults is needed, both because of their bearing
on Cenozoic development of the Hurricane fault system and their role in the
structural differentiation between the High Plateaus and the eastern Basin and
Range provinces.
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Section 4  GEOPHYSICAL STUDIES, by H.R. Blank and J.K. Crowley
INTRODUCTION

Existing geophysical data for the Cedar City 1° X 2° quadrangle consist
of regional aeromagnetic, aeroradiometric, and gravity surveys, remote sensing
imagery (LANDSAT MSS and TM data), and seismic reflection profiles. The
LANDSAT T™ and seismic reflection data are available from the private sector.
Each of these data sets can provide certain unique constraints and insights
for geologic framework synthesis and mineral resource assessment.

AEROMAGNETICS
Data

Because of the presence of extensive deposits of magnetic iron ore in the
Iron Springs and Bull Valley districts, magnetometer surveys have long been
employed in the region as a direct aid to exploration. The earliest surveys
were carried out on the ground by the U.S. Bureau of Mines (Cook, 1950a) and
by private investigators. Subsequently an aeromagnetic survey of the Iron
Springs district was made by the USGS with the objective of delineating the
subsurface extent of quartz monzonite porphyry intrusions associated with the
ore (Blank and Mackin, 1967), and U.S. Steel Corporation (now USX) flew a
detailed survey of the entire "iron axis" of southwest Utah. The U.S. Steel
data have been purchased and digitized by the USGS, and are currently being
interpreted as a component of the "BARCO" project of the National Geologic
Mapping Program. Remaining portions of the Cedar City 1° X 2° quadrangle are
included in regional surveys of the Basin and Range (USGS, 1972) and Colorado
Plateau (Shuey and others, 1973) provinces. The results of both these
regional surveys have been published as part of a residual total intensity
aeromagnetic map of Utah at scale 1:1,000,000 (Zietz and others, 1976).
F1ight elevations were 9,000 ft for the Basin and Range province and 12,000 ft
for the Colorado Plateau. The traverse spacing, 2 miles, is considerably
wider than the optimum for studies at 1:250,000-scale or larger. The two
surveys overlap in part along the Hurricane Fault zone. The overlap is
incomplete, and the traverse headings are north-south, so that in general the
traverses tend to parallel rather than cut across structural trends. This
leads to uncertainties in interpreting the aeromagnetic data at the critical
province boundary. The problem is somewhat mitigated by an aeromagnetic and
spectral aeroradiometric survey flown for the National Uranium Resource
Evaluation Program (NURE). This survey collected data of both kinds
simultaneously along east-west traverses spaced 3 miles apart at a nominal
400 ft above terrain (Geodata International, 1980).

Qualitative interpretation of the aeromagnetic and gravity fields over
parts of the Cedar City 1° X 2° quadrangle are given in USGS reports on BLM
wilderness study areas (WSA) by Van Loenen and others (1988 a, b; 1989 a, b),
Houser and others (1988 a, b) and Conrad and others (in preparation). An
index of USGS reports on BLM WSA's is given on figure 10. Also shown on
figure 10 are locations of the US Steel-Iron Axis and USGS-Iron Springs
aeromagnetic surveys and gravity surveys by the University of Utah group.

Figure 11 presents a composited residual total-intensity aeromagnetic
anomaly map of the Cedar City quadrangle. NURE data was used in only a small
area, which fills a narrow gap between surveys done by the USGS and Univ. of
Utah. A11 data are at the original flight altitudes (9,000 ft, 12,000 ft, 400
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ft-drape). The contour interval is 20 nanoteslas and the International
Geomagnetic Reference Field has been removed.

Interpretation

By combining the published 1:1,000,000-scale total-intensity aeromagnetic
maps of Utah (Zietz and others, 1976), Nevada (Zietz and others, 1978), and
Arizona (Sauck and Sumner, 1970), the Cedar City 1° X 2° quadrangle can be
placed in a regional aeromagnetic setting (figure 12). Several first-order
aeromagnetic anomaly features are apparent:

(1) The northwest part of the guadrangle is transected by an east- to east-
northeast-trending system of aeromagnetic anomalies associated with the
Pioche-Marysvale mineral belt (Shawe and Stewart, 1976; Stewart and others,
1977; Rowley and others, 1978). This belt is a locus of Cenozoic igneous and
hydrothermal activity and mineralization. Its aeromagnetic signature consists
of numerous intense, relatively short-wavelength and predominantly positive
anomalies superimposed on the regional high whose outline is sketched in the
figure. In some cases the short-wavelength anomalies are clearly produced by
Tertiary granitic stocks, or by thick piles of Tertiary volcanic rocks. North
of the quadrangle, in the Mineral Mountains, these anomalies may be due in
part to Proterozoic crystalline basement rocks, and at the extreme west end of
the mineral belt, near the south end of Cave Valley, Nevada, they are
associated with a Mesozoic pluton. Because of the predominantly Tertiary age
of magmatism in the belt and the fact that it is generally a region of low,
rather than high, Bouguer gravity anomaly levels, the long-wavelength
component of the anomaly system is believed due mainly to deep-seated Tertiary
plutons rather than to Mesozoic plutons or to the much denser Precambrian
crystalline basement. Many of the most prominent local anomalies of the belt
probably represent concealed Tertiary intrusions, and hence, potential
exploration targets as loci of hydrothermally altered rocks and epithermal
mineral deposits.

(2) The "iron axis" of southwestern Utah is revealed as a set of discrete
positive anomalies trending more or less northeast, approximately parallel to
the southeastern margin of the Pioche-Marysvale belt. These anomalies
represent the disposition of Tertiary quartz monzonite intrusions, with
relatively minor contributions from associated iron deposits.

(3) Broad anomaly highs occur over the Beaver Dam Mountains, where
Precambrian rocks are exposed, and over parts of the Colorado Plateau, where
Precambrian basement 1ies at a depth of 1-3 mi beneath the surface. Since
there are no known or suspected sources of detectable long-wavelength
anomalies within the Phanerozoic sedimentary section, these anomalies must
arise either from intrabasement inhomogeneities or from local structural or
topographic relief on the basement surface.

Figure 13 is an interpretive sketch map of principal anomalies from the
residual aeromagnetic map on figure 11. On figure 13 we identify anomalies
spatially associated with the Indian Peak and Caliente caldera complexes of
the Pioche-Marysvale mineral belt; anomalies associated with quartz monzonite
intrusions of "iron axis" affinity, including the Mineral Mountain and Pine
Valley bodies; anomalies of unknown origin but probably produced by buried
monzonitic intrusions beneath Sevier Valley, Parowan Valley, and the west
flank of the Red Hills along the northern margin of the map area; and north-
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Figure 12.--Sketch map of regional aeromagnetic anomaly highs in vicinity of
Cedar City 1° X 2° quadrangle, Utah. For sources of data, see text.
Note relation of quadrangle to Pioche-Marysvale belt of magnetic
anomalies, magmatism, and mineral deposits.
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to northeast-trending anomalies presumably deriving from Precambrian
crystalline basement sources in the Beaver Dam Mountains and beneath the
Colorado Plateau. Also noted are short-wavelength anomalies produced by
basaltic vent and flow rocks on the Markagunt Plateau southeast of Cedar
City. Some monzonite bodies, such as the Iron Point and Pine Valley
intrusions, have little or no aeromagnetic expression, possibly because of a
relatively limited depth extent or severe deuteric alteration of their iron
minerals.

Two regions of "magnetic basement" as expressed by long-wavelength
components of the anomaly field are distinguished on figure 13. In the north
and northwest, this basement is inferred to be mainly intrusive rock of
Tertiary age, with the reservations given above. In the southern part of the
quadrangle, the basement is believed to be mainly or entirely Precambrian
crystalline rock. The lines of demarcation are drawn schematically and are
not intended to represent actual source boundaries.

A relatively low-amplitude, southeast-trending anomaly ridge connects the
two regions of contrasting magnetic basement in the vicinity of Cedar City.
The source of this ridge could be either Tertiary quartz monzonite or rocks of
the Precambrian crystalline complex. The former interpretation is favored,
because (1) the anomaly seems to be an extension of the Three Peaks-Granite
Mountain monzonite anomaly of the Iron Springs district, and (2) it projects
into the axial zone of a weakly developed antiform that involves Paleozoic-
Mesozoic rocks of the Hurricane front, so that emplacement of the anomaly
source could have produced the observed deformation. The ridge is also a weak
gravity high.

Long-wavelength anomalies identified with Precambrian basement on figure
13 are, from west to east, the "Beaver Dam high", an unnamed and weakly .
developed high, the "Uinkaret high", the "Kanab high", and the "Buckskin
high." Each of these anomalies has an associated positive gravity anomaly and
is flanked on its west side by a major regional high-angle normal fault--the
Beaver Dam-Virgin Mountains breakaway fault (not shown) and the Grand Wash-
Gunlock, the Hurricane, the Sevier, and the Paunsaugunt faults,
respectively. Density discontinuities implied by the gravity anomalies (which
reflect the mass excess of Paleozoic carbonate and Precambrian crystalline
rock) and mapped traces of the regional normal faults coincide with apparent
magnetic discontinuities in places but not everywhere. Moreover, the local
configuration of some aeromagnetic anomalies suggests a "point" source such as
a plug or dome. In view of these relationships, and the fact that only in the
Beaver Dam Mountains are source rocks exposed, four conceivable factors should
be considered in attempting to explain the aeromagnetic anomalies: (1)
relative uplift of basement rock along the north-south-trending regional
faults, (2) doming of the basement surface (as in the case of the Beaver Dam
high), (3) intrabasement magnetization contrasts, and (4) post-Paleozoic
emplacement of magnetic intrusive rock into the Precambrian basement complex,
possibly in conjunction with doming. The contributions of each factor may
vary from negligible to dominant, depending on the anomaly. To the extent
that factors (2) and (4) are involved, an anomaly should be regarded as a
possible locus of a hydrothermal system, and therefore, potentially
prospective. Quantitative modeling of the potential-field data in conjunction
with detailed geologic mapping and geochemical work might point to the most
plausible among the various interpretive scenarios.

The Virgin Anticline, a major fold with a strong gravity expression,
apparently lacks magnetic expression. If basement rocks are involved in the
fold, they are either too deep or too weakly magnetized for the structure to
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have been detected. Alternatively, the fold may be allochthonous on a low-
angle basement decollement structure.

GRAVITY
Data

Regional gravity coverage of the Cedar City 1° X 5° quadrangle consists
of about 2,600 stations, or about one station per 3 mi“®, but the station
distribution is far from even. Coverage varies from 0 to about 50 stations
per 7%' quad. Coverage of the western part of the quadrangle in the Basin and
Range province is mostly adequate; coverage of the eastern one-third of the
quadrangle, on the Colorado Plateau, is seriously deficient. The main sources
of data are surveys by K.L. Cook and his students at the University of Utah
(Cook and Hardman, 1967; Pe and Cook, 1980; Green and Cook, 1981; Montgomery,
1973; Fox, 1968; Gray, 1966; and Zimbeck, 1965), and BLM WSA studies of the
USGS (see figure 10). Principal facts from these sources are on file at the
Univ. of Utah and the USGS and may also be obtained through the National
Geophysical Data Center, NOAA, Code E/GC, 325 Broadway, Boulder, CO 80303.
Additional data have been obtained in the Beaver Dam Mountains and northern
Mesquite Basin areas by students at Brigham Young University (Baer, 1986).

A11 available data have been reduced to Bouguer anomaly values and are
computer-terrain-corrected out to a radius of 100 mi at a standard density of
2.67 g/cm”. The result of these operations is the complete Bouguer anomaly
(CBA) map of figure 14, contoured at 2 mGals. Station locations on this map
are shown by hollow circles. The map extensively refines the gravity field
shown on the simple Bouguer anomaly map of Utah published in 1975 (Cook and
others), although the main anomaly features remain unchanged. A revised
complete Bouguer anomaly map of Utah is currently in preparation (V. Bankey
and K.L. Cook, Univ. of Utah, oral communication, 1988), and an up-to-date CBA
map of the Cedar City 1° X 2° quadrangle and adjacent areas is scheduled for
release in 1989 as a USGS Open-File product of "BARCQ".

It is important to recognize that the reduction density used for figure
14 is high compared with the density of rocks comprising most of the
topography of the Colorado Plateau section, which results in an inverse
correlation of Bouguer anomaly values and topographic elevation. Some local
anomalies are thus attributable to density deficiencies in the topography.
For example, Bouguer anomaly levels on the plateau rims flanking Zion Canyon
are negative relative to those on the Canyon floor, since the plateau rocks
were assumed to have an unrealistically high density for the Bouguer
reduction. A similar inverse correlation occurs on a regional scale but for a
different reason: the High Plateaus of southwest Utah (and the Colorado
Plateau in general) must be underlain by some form of mass deficiency to
compensate for the excess topographic load. The regional mass deficiency is
not taken into account with a standard Bouguer reduction. To suppress this
effect the data were also further reduced to §sostatic residual anomalies
based on an Airy-Heiskanen model at 2367 g/cm” crustal density and a crust-
mantle density difference of 0.4 g/cm”, T = 35 km. The isostatic residual
field is shown on figure 15 at a contour interval of 4 mGals.

Interpretation
Comparison of figures 14 and 15 reveals that the total anomaly relief of
the region has been reduced by about half through use of a standard isostatic
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model, but that almost all values are still negative, i.e., the standard model
is inadequate. On both maps the mean anomaly levels are much lower in the
north than in the south, where they approach zero. The east-west belt of
steep gradient that produces this contrast extends all the way from the Sierra
Nevada in eastern California to well within the Colorado Plateau in south-
central Utah. It coincides with a sharp northerly increase in regional
average elevation and, at least in the Basin and Range province, with a marked
northerly increase in volume of silicic magmatism as expressed by exposed
Cenozoic volcanic products. An analysis of the southern Nevada sector of this
gravity gradient led Eaton and others (1978) to conclude that it marks a
fundamental change in composition of the middle to upper crust from less
silicic (denser) to more silicic (lighter), as a consequence of regional
magmatism. In the Cedar City quadrangle, Precambrian basement depths are
apparently greater on the north side of the gravity gradient both in the Basin
and Range and Colorado Plateau provinces, but for the latter a relationship
with volume of silicic magmatism has yet to be established.

Figure 16 is intended for use in conjunction with figure 15, and is a map
of horizontal gradient maxima computed from the grid of complete Bouguer
anomaly values mapped on figure 14. This map therefore lacks directional
bias. Each circle represents a "significant" gradient maximum at a particular
grid point, with the size of the circle proportional to the intensity of that
gradient. The vector orientation of the gradient can be roughly determined
from the map on figure 15.

A remarkably strong and continuous northeast-trending set of horst-graben
or fold structures is evidently concealed beneath the Escalante Desert in the
northwest quadrant of the quadrangle. The deepest depression (at 16 mGals
anomaly amplitude) associated with these structures is probably the Newcastle
Basin, a Known Geothermal Resource Area (KGRA). Other prominent depressions
are labeled the "Lund", "Avon", "Cedar", and "Parowan" basins. The Cedar
basin is separated into northern and southern portions by a weak gravity ridge
corresponding to the weak southeast-trending magnetic anomaly ridge near Cedar
City. Exposures of quartz monzonite intrusions of the iron axis suite are
found on the southeast flank of gravity highs, which is generally the steeper
side of the anomaly sources and in the vergence direction of Sevier orogeny
fold-axes. The Virgin Anticline, possibly the farthest southeast of the
presumed Sevier structures, produces a strong northeast-striking anomaly ridge
near St. George. Some northeasterly anomaly trends may reflect faults with a
significant component of strike-siip movement.

Gravity lows near the northwest and west-central margins of the
quadrangle are believed bounded by arcs of two caldera ring-fracture systems -
the Indian Peak caldera complex and the Caliente cauldron complex,
respectively. Figure 17 shows the location of these two systems as
interpreted from regional gravity data (Blank, 1987). The Indian Peak complex
is represented by a gravity depression in the shape of a 30 x 50 mi ellipse
with major axis oriented northwest-southeast. The depression roughly
coincides with the overall outline of a set of nested late 0Oligocene calderas
mapped by Best and others (in press). It may be significant that the major
Pb-Ag mining camps of Pioche, Bristol, and Atlanta are located just outside
the inferred principal ring-fracture zone, and that age of mineralization is
thought by some to be as young as mid-Tertiary (D. Shawe, oral communication,
1986). The configuration of the Miocene Caliente complex is less well
known. The ring-fracture system indicated by Ekren and others (1977) will
probably be modified as the result of detailed mapping currently in progress
by P.D. Rowley, R.E. Anderson, R.B. Scott of the USGS, and others. A paleo-
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topographic rim of the caldera system has been mapped in the Mt. Escalante 7%'
quadrangle of Utah (Siders, 1986). Much of the complex is a locus of
intensely hydrothermally altered rocks and possibly epithermal mineral
deposits (Conrad and others, in preparation).

One of the deepest (6-9 mi) tectonic depressions in North America is
associated with predominantly westward extension of terrain flanking the
Beaver Dam and northern Virgin Mountains. The Beaver Dam breakaway structure-
produces a steep gravity gradient flanked by an 80-mGal gravity low just off
the southwest corner of the map (Blank, 1988). A much less severe gradient
marks the western margin of the Beaver Dam block in the Cedar City quadrangle.

The broad, deep gravity low in the vicinity of the Pine Valley Mountains,
approximately centered near French Spring between Pine Valley and Stoddard
Mountain, coincides with a similarly broad aeromagnetic low, and seems to
represent structural depression of the Precambrian basement. Development of
the depression may in some way be related to Miocene Pine Valley magmatism. A
possibly analogous set of anomalies is present in the Colorado Plateau
province in the vicinity of Sevier Valley, although there the gravity low is
less well defined due to sparse data coverage, and the granitic rocks are not
exposed.

The Hurricane, Sevier, and Paunsaugunt faults all bound the west side of
gravity highs for at least part of their traces. The anomalies are due mainly
to block-faulted dense basement rock and shelf carbonates. The gravity
features correspond to aeromagnetic highs discussed earlier, and are similarly
labeled Uinkaret, Kanab, and Buckskin highs, respectively.

AERORADIOMETRICS
Data

Spectral aeroradiometric data obtained for the Cedar City 1° X 2°
quadrangle by the NURE program provide a synoptic overview of surface
concentrations of U, K, and Th. However, due to the wide traverse spacing
(nominally 3 miles) and highly variable terrain clearance (nominally 400 ft,
but often well above significant detection thresholds) of the NURE flights in
this region the results must be interpreted with caution. Digital tapes of
reduced data have been provided by J.A. Pitkin and J.S. Duval of the USGS. We
have combined maps of concentrations of each of the three radioelements to
produce a single map showing the most highly anomalous zones for percent K and
ppm equivalent U (eU) for both uranium and thorium (figure 18).

Interpretation

Examination of figure 18 in relation to regional geology of the Cedar
City 1° X 2° quadrangle leads to the following observations:

(1) Virtually all the northwest quarter of the quadrangle is anomalously high
in U, K, and Th., This area is less extensive than the region inferred from
the magnetics (figure 11) to be underlain by Mesozoic-Cenozoic basement but
does include the area of most intense aeromagnetic anomalies as well as the
northwest side of the Escalante Desert--the side that receives drainage from
the calc-alkaline Caliente and Indian Peak eruptive-tectonic complexes. The
highest concentrations of U (>8 ppm) and Th (>30 ppm eU) found anywhere in the
quadrangle occur in the Paradise Mountains due east of the State Line gold
district; the anomaly maxima are surmised to occur off the map and over the
mining camps. A basalt field south of Modena and localized areas southeast of
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Hamblin Valley show lower concentrations of all three radioelements than the
average in this region.

(2) A small area anomalously high in K and Th occurs on the west flank of the
Beaver Dam Mountains, with maxima centered in the vicinity of Welcome

Spring. The same area also has somewhat higher concentrations of U than
average, and roughly corresponds to outcrop areas of Precambrian granitic
rocks and to exposures of the sole of a detachment fault.

(3) Large tracts of Mineral Mountain, the Bull Valley Mountains, the Pine
Valley Mountains-Mt. Stoddard area, the Pinto Creek-Kane Point area, and the
Eight-Mile Hills/Swett Hills/Harmony Hills area show anomalously high concen-
trations of potassium and thorium, and to a lesser extent, uranium. For the
most part these concentrations seem to be associated with exposures of
potassium-rich quartz monzonite intrusive rock and equivalent quartz latites,
including Harmony Hills Tuff of the Quichapa Group. However, the petrograph-
ically similar intrusions of the Iron Springs district show no comparable
enrichment of radioelements.

(4) The Antelope Range is a locus of anomalously high concentrations of all
three nucleides, and include the highest levels of K (>5.5%) found anywhere in
the quadrangle. The Antelope Range also shows abundant evidence of
hydrothermal activity and mineralization.

(5) Sharply localized concentrations of radioelements in the Bald Hills, Mud
Spring Hills, and Red Hills north of Little Salt Lake are associated with
outcrop areas of Isom Formation.

(6) An area of the Hurricane fault southeast of Enoch shows anomalously high
levels of K and Th and minor enrichment of U. This area is located at the
western extreme of an extensive, roughly east-west-trending zone of anomalous
values which reach maxima over Haycock Mountain and Prince Mountain, in the
vicinity of Panguitch Lake (southwest of the town of Panguitch). The source
of the high concentrations is unknown, but they appear to be associated with
mapped "undifferentiated volcanic rocks", and at least locally, with exposures
of the Isom Formation.

REMOTE SENSING

Digital analysis of LANDSAT Multispectral Scanner (MSS) data has been
used for more than a decade to map hydrothermally altered rocks (Rowag and
others, 1974). The technique is based on the detection of intense Fe +
absorption caused by ferric-oxide minerals in gossans and some other
hydrothermally-altered rocks. Selected ratios of the MSS channels are
combined to form color ratio composite (CRC) images in which areas with
anomalously high concentrations of ferric-oxide minerals, collectively termed
limonite, are displayed in a specified color. However, extensive field
evaluation is needed to distinguish limonitic hydrothermally-altered rocks
from limonitic weathering of unaltered rocks. Also, hydrothermally-altered
rocks that lack ferric oxide minerals cannot be detected by this method.

LANDSAT Thematic Mapper (TM) images are more versatile than MSS images
for mapping hydrothermally-altered rocks, because TM images have greater
spatial resolution, and offer additional spectral coverage of the near-
infrared (NIR) wavelength range. Besides limonite, many hydrothermally-
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altered rocks contain other NIR-absorbing minerals, including alunite,
pyrophyllite, carbonates, clays, and micas, all of which can be detected using
digitally enhanced TM or TM-equivalent images (Podwysocki and others, 1983).
Some of these minerals are also common in unaltered rocks, and positive
identification of hydrothermally altered rocks still requires field checking.

Digital Image Processing

An available LANDSAT 4 TM scene for the Cedar City area was examined in
early stages of this study. Unfortunately, the data were not suitable for
constructing CRC images due to extensive snow cover at the time the data were
collected. Lacking other TM data, a LANDSAT MSS scene covering about 85
percent of the Cedar City quadrangle was computer-processed for this
assessment. This scene, obtained on June 28, 1974, was nearly cloud-free and
of high overall quality. A CRC image was generated using MSS band ratios 4/5,
6/7, and 5/6, displayed as red, green, and blue, respectively. In this CRC
combination well-exposed limonitic rocks appeared blue-green. The image was
used to make a map of limonitic rocks for use with other Cedar City datasets
(figure 19).

Examination of the CRC image, the 1limonite map, the geologic map, and a
map of mines and prospects for the Cedar City quadrangle leads to several
conclusions:

(1) Nearly all of the well-exposed limonitic rocks in the study area are
iron-stained sedimentary units that lack mines and prospects. However, a
large cluster of silver mines and prospects are found along the contact
between the limonitic Kayenta and Moenkopi Formations near the town of Leeds,
Utah. The significance of this association of mines with limonitic
sedimentary rocks is not known and merits further study.

(2) Vegetation cover in the higher elevations generally obscures rock units
that appear limonitic at lower elevations. In places, the limonitic units are
visible through breaks in the vegetation, indicating that the vegetation cover
is not total, but instead represents a mixed-pixel situation (i.e., vegetation
plus limonite). Under these conditions, the increased spatial resolution
afforded by T data (30 meters versus 79 meters for MSS) could permit useful
mapping of altered rocks in many areas with moderate vegetation cover.

(3) Only a few small areas of limonite are discernible in the Tertiary
volcanic and intrusive rocks. One such area is associated with the a gold-
silver prospect located in the northwest part of the study area. Again, TM
data could help to better define other small areas of altered rocks, if any
are present, and would permit other hydrothermal alteration minerals besides
iron-oxides to be detected.

(4) Known iron mines and prospects located between Iron Mountain and Three
Peaks are clearly delineated as 1ight blue areas on the CRC image. No "new"
iron anomalies are indicated by the MSS data.

SEISMIC REFLECTION
Exploration interest by the petroleum industry in the hydrocarbon

potential of the overthrust belt of the Basin and Range province and certain
adjacent portions of the Colorado Plateau has generated abundant seismic
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reflection data for the Cedar City 1° X 2° quadrangle in recent years. Most
or all of the data seems to be the product of speculative surveys and is
available from various brokers at prices ranging from about $800 to $1,400 per
line-mile. We have examined many of the sections and found the data quality
to run the gamut from truly excellent to virtually unusable.

Figure 20 shows coverage available through a single broker (NORPAC). It
is unlikely that much more data exist beyond what is indicated. At least two
lines that cross the Hurricane fault probably could be used to study the
geometry of the fault plane at depth. This would be helpful in assessing the
role of the Hurricane and similar faults in regional extension, and could bear
on the question of where and why such fault zones are mineralized. Other
lines might prove useful in addressing specific local structural problems
elsewhere on the quadrangle.

Reflection profiles across monzonite intrusions of the Iron Springs
district have recently been analyzed by Van Kooten (1988). Seismic
exploration followed the discovery of surface hydrocarbon anomalies in the
vicinity, which suggested the possibility that thermal maturation of source
rocks may have been enhanced in the vicinity of the intrusions. The results
clearly show that intrusive rock is floored at a depth of several thousand
feet below the surface, confirming an aeromagnetic interpretation earlier made
by Blank and Mackin (1967).

SUMMARY AND RECOMMENDATIONS

Geophysical data available for this preliminary assessment of the Cedar
City 1° X 2° quadrangle have proved to be a useful adjunct for investigating
the regional geologic framework and identifying regional environments
favorable for hosting mineral deposits. However, geophysical methods should
be much more extensively exploited in a full-scale mineral resource
assessment. Among the principal objectives of a more detailed geophysical
program are: delineation of structural controls on mineral deposit
distributions, delineation of buried or poorly exposed intrusive bodies that
might have served as heat engines for circulation of hydrothermal fluids, and
identification and characterization of zones of shallow hydrothermally altered
rocks. For these tasks the data on hand should be augmented and in some cases
supplemented with new data from untapped sources. In the following paragraphs
we summarize the role of each broad class of data thus far employed, point out
what additional data or data processing are required, and recommend a number
of specific topics for geophysical investigation.

The principal sources of long-wavelength aeromagnetic anomalies in the
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